Introduction
Lung adenocarcinoma is the most common histological type of lung cancer, accounting for approximately 30% to 40% of all cases of primary lung tumors [1] . Despite developments in surgery, radiotherapy and chemotherapy, the undesirable adverse effects of these treatments are unavoidable. Thus, more effective anticancer agents with fewer side effects for the treatment of lung adenocarcinoma are needed.
β,β-Dimethylacrylshikonin (DMAS), a shikonin derivative, is a typical component of naphthoquinone pigments isolated from the roots of Lithospermum erythrorhizon ( Figure  1A ) [2] . Previous studies have demonstrated that shikonin and its derivatives possess several biological activities, such as anti-microbial, anti-inflammatory, anti-HIV, and anti-platelet properties [3] [4] [5] [6] . In addition, extensive reports have shown that shikonin and its derivatives exhibit antitumor activity against a variety of human cancers, and DMAS is one of the most effective agents. For example, DMAS exerted antitumor activity against human gastric cancer cells via Notch-1 downregulation [7] . Moreover, DMAS showed a significant toxicological effect on hepatocellular carcinoma cells through increased caspase-3 activity [8] . DMAS also induced cell apoptosis through an increase in the Bax/Bcl-2 ratio in human colorectal cancer cells [9] . Recently, we showed that DMAS induced mitochondria-dependent apoptosis through the activation of ERK1/2 signaling in human gastric cancer SGC-7901 cells [10] . However, the effects of DMAS on human lung adenocarcinoma cells remain elusive. Thus, the aim of the present study was to characterize the mechanisms underlying the biological 
Materials and methods
Materials A549 cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). DMAS, which was purchased from Tokyo Chemical Industry Co, Ltd (Tokyo, Japan), was dissolved in dimethyl sulfoxide (DMSO), and the DMSO content in all treatment groups was 0.1%. MTT, DAPI, SP600125, and SB203580 were purchased from Calbiochem (San Diego, CA, USA). The pan-caspase inhibitor (Z-VAD-FMK) was purchased from the Beyotime Institute of Biotechnology (Haimen, China). The cytochrome c antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The antibodies against ERK, phospho-ERK, JNK, phospho-JNK, P38, phospho-P38, Bcl-xL, XIAP, cIAP-2, survivin, Bax, Bak, cleaved caspase-9, cleaved caspase-8, cleaved caspase-3, cleaved PARP, and β-actin were purchased from Cell Signaling (Boston, MA, USA). The FITC-Annexin V Apoptosis Detection Kit was purchased from Becton Dickinson (San Diego, CA, USA).
Cell culture and cell proliferation assay A549 cells were cultured in RPMI-1640 medium containing 10% fetal bovine serum(FBS) (Hyclone, UT) and maintained at 37 °C in a humidified atmosphere of 5% CO 2 . For experiments, the cells were seeded onto 96-well plates at a final concentration of 5×10 3 cells/well and incubated in RPMI-1640 medium containing 10% FBS for 24 h. Subsequently, the cells were treated with DMAS at the indicated concentration for 24 and 48 h. The medium was removed and fresh medium containing 20 μL of MTT solution (5 mg/mL) was added to each well. After incubating for 4 h, 150 μL of DMSO was added to each well. The absorbance was detected at 570 nm using a Varioskan Flash Multimode Reader (Thermo Scientific, USA). Four duplicate wells were used for each treatment, and the experiments were repeated three times.
DAPI (4′, 6-diamidino-2-phenylindole) staining A549 cells were plated onto six-well plates. After 24 h, the cells were treated with DMAS for the indicated time periods and subsequently fixed in cold acetone for 30 min, followed by incubation with DAPI (1 mg/mL) for 30 min. The apoptotic nuclear staining was detected using fluorescent microscopy (model IX71; Olympus, Tokyo, Japan).
Annexin V/PI assays for apoptosis For the Annexin V/PI assays, the cells were stained with Annexin V-FITC and PI and subsequently evaluated for apoptosis using flow cytometry according to the manufacturer's instructions (BD PharMingen, San Diego, CA, USA). Briefly, 1×10 5 cells were washed twice with PBS and stained with 5 μL of Annexin V-FITC and 5 μL of PI in 500 μL of binding buffer for 15 min at room temperature in the dark. The apoptotic cells were determined using BD FACS Diva software (BD Biosciences, Franklin Lakes, NJ, USA). Annexin V staining indicates phosphatidylserine externalization.
Measurement of mitochondrial membrane potential
The cells (5×10 3 cells/well) were treated with or without DMAS (15 μmol/L) for 24 h and subsequently stained with JC-1 (BD MitoScreen JC-1 Kit, Becton Dickinson, USA) for 15 min at 37 °C. The mitochondrial membrane potential was detected using flow cytometry (FACS Canto II, Becton Dickinson, USA).
Western blot analysis
The cells were treated with the indicated DMAS concentrations for the indicated times in RPMI-1640 medium containing 10% FBS. The cells were collected in ice-cold PBS, and the cell extracts were prepared in RIPA buffer containing proteinase inhibitor cocktail (Calbiochem, San Diego, CA, USA). The protein concentrations of the cell lysates were determined, followed by boiling in gel-loading buffer for 10 min at 100 °C. Samples containing 30 μg of total protein were electrophoresed on 10% SDS-polyacrylamide gels and subsequently transferred to PVDF membranes (Millipore, Temecula, CA, USA). Following transfer, the membranes were blocked in TBST (TBS containing 0.1% Tween 20) containing 5% skimmed milk for 2 h, followed by incubation with appropriate primary antibodies overnight at 4 °C. After washing three times in TBST, the membranes were incubated with 1:1000 horseradish peroxidase-conjugated appropriate secondary antibodies for 2 h at 37 °C. The membranes were visualized using an enhanced chemiluminescence detection system (Immun-Star WesternC Kit, Bio-Rad, USA).
Immunofluorescence staining
Immunofluorescence staining was used to analyze the subcellular distribution of cytochrome c in A549 cells treated with DMAS. Cells cultured on sterile glass coverslips were fixed in cold acetone for 10 min. After permeabilization with 0.3% Triton X-100 for 20 min at room temperature, the cells were blocked in 3% bovine serum for 30 min and incubated overnight at 4 °C with anti-cytochrome c antibody (1:30) overnight at 4 °C. After washing three times in PBS, the cells were labeled with Alexa Fluor 488-conjugated secondary antibodies. DAPI was subsequently added for nuclear staining. Microscopic analysis was performed using a fluorescent microscopy (model IX71; Olympus, Tokyo, Japan).
Statistical analysis
The data are reported as the means±standard deviation (SD) of three independent experiments. The data were evaluated using one-way analysis of variance (ANOVA). Significant differences were established at P<0.05.
Results

DMAS inhibits the growth of A549 cells
The cytotoxic effects of DMAS on lung adenocarcinoma cells were determined using an MTT assay. A549 cells were treated with different concentrations of DMAS (2.5, 5, 7.5, 10, and 15 npg μmol/L) for 24 or 48 h, and the cell viability was subsequently examined using an MTT assay. As shown in Figure 1B , after 24 h incubation with DMAS at 2.5, 5, 7.5, 10, and 15 μmol/L, the viability of A549 cells was reduced to 98.26%±0.45%, 95.68%±1.51%, 87.40%±0.84%, 70.39%±1.31%, and 46.40% ±0.96%, respectively, compared with vehicle-treated cells. A549 cells treated with 2.5, 5, 7.5, 10, and 15 μmol/L DMAS for 48 h showed a 96.26%±1.33%, 92.69%±1.33%, 75.90%±1.57%, 56.89%±0.35%, and 17.38%±0.31% reduction in cell viability, respectively ( Figure 1B) . The median inhibitory concentration (IC 50 ) of DMAS for A549 cells was 14.22 and 10.61 μmol/L at 24 and 48 h, respectively.
DMAS induces the apoptosis of A549 cells
Cell and nuclear shrinkage, apoptotic body formation, nuclear condensation, and DNA fragmentation are the hallmarks of apoptosis [11] . To confirm whether DMAS induces apoptosis, DMAS-treated A549 cells were subjected to DAPI staining. Nuclear condensation and apoptotic body formation were detected in the cells treated with 15 μmol/L DMAS ( Figure  2A ).
To further verify the induction of apoptosis through DMAS in A549 cells, the apoptotic effect was evaluated using flow cytometry with Annexin V and propidium iodide (PI) double staining. As shown in Figure 2B , after 24 h incubation, the early apoptotic (Annexin V + /PI -) rates of A549 cells were 0.8%, 5.0%, 12.0%, and 23.7% in response to treatment with vehicle, 7.5, 10, and 15 μmol/L DMAS, respectively.
DMAS induces mitochondrial events associated with apoptosis in A549 cells
The Bcl-2 family proteins play pivotal roles in the regulation of apoptosis and comprise both pro-and anti-apoptotic proteins. These proteins activate or inhibit the release of several effectors, leading to the activation of caspases in apoptosis [12] . Figure 3A) . However, the down-regulation of XIAP was less obvious than the dosedependent down-regulation of cIAP-2. There was no significant change in the expression of Bcl-xL and survivin in A549 cells. We also examined whether DMAS affected the expression of pro-apoptotic proteins (Bax and Bak), and observed an increase in the levels of Bax and Bak with the increasing doses of DMAS ( Figure 3B ). The loss of mitochondrial membrane potential has been associated with the initiation and activation of some apoptotic signaling cascades [13] . This event can be triggered through the translocation of Bax from the cytoplasm to mitochondria, resulting in the release of cytochrome c from mitochondria into the cytoplasm [14, 15] . Therefore, first we determined whether DMAS induced the loss or disruption of mitochondrial membrane potential in A549 cells. A549 cells were treated with 15 μmol/L DMAS for 24 h, harvested, stained with JC-1 dye and analyzed through flow cytometry. As shown in Figure 3C , the membrane potential decreased from 81.9% to 33.2% after treatment with 15 μmol/L DMAS. Next, we examined the distribution and subcellular localization of cytochrome c to confirm whether the disruption of mitochondrial membrane potential through DMAS resulted in the release of cytochrome c from the mitochondria into the cytoplasm. A549 cells were treated with or without DMAS (15 μmol/L) for 24 h, and the distribution of cytochrome c was visualized using a confocal laser microscope. The DMAS-treated cells showed blurred morphology in contrast to the obviously clear appearance in non-DMAS treated cells ( Figure 3D ), suggesting the translocation of cytochrome c from mitochondria to the cytoplasm in DMAS-treated cells.
Caspases are enzymes responsible for the execution of apoptosis. To understand the molecular mechanism of DMASinduced apoptosis in A549 cells, the cleavage of caspase-3, caspase-8, caspase-9, and PARP was examined using Western blot analysis. A549 cells treated with DMAS (0, 7.5, 10, and 15 μmol/L) for 24 h showed the dose-dependent elevation of cleaved caspase-3, caspase-8, and caspase-9 ( Figure 3E ). Cleaved PRAP, another specific feature of apoptosis, was also increased with the increasing doses of DMAS ( Figure 3E ).
To further verify the role of caspase activation in DMASinduced apoptosis, we pre-treated A549 cells with the pan-caspase inhibitor Z-VAD-FMK (10 μmol/L) prior to DMAS treatment. The DMAS-induced cleavage of caspase-3 and PARP and apoptotic cell death were almost completely blocked with Z-VAD-FMK pretreatment ( Figure 3F and 3G) . These results strongly suggested that the mitochondrial-mediated caspase cascade pathway plays an essential role in DMAS-induced apoptosis.
DMAS induces sustained JNK and p38 activation in A549 cells
The mitogen-activated protein kinase (MAPK) signaling pathway has been implicated in several events of cellular stressinduced apoptotic cell death [16, 17] . Hence, we observed the activation of ERK, JNK, and p38 after DMAS treatment. As shown in Figure 4 , the phosphorylation of ERK, JNK, and p38 was significantly increased in response to the DMAS treatment for 2 h in a dose-dependent manner. In addition, the phosphorylation of JNK and p38 lasted for 24 h. These data suggested that the sustained activation of JNK and p38 might be involved in DMAS-induced apoptosis in A549 cells.
The p38 signaling pathway is involved in DMAS-induced apoptosis in A549 cells
To determine whether the DMAS-induced sustained activation of JNK and p38 signaling pathways plays an important role in apoptosis, we pretreated A549 cells with specific inhibitors for JNK (SP600125) and p38 (SB203580) for 1 h, followed by DMAS treatment for 24 h. As shown in Figure 5A and 5B, pretreatment with SB203580 markedly inhibited DMAS-mediated p38 activation and blocked caspase-3 and PARP cleavage. However, the DMAS-induced cleavage of caspase-3 and PARP was not inhibited after pretreatment with SP600125 ( Figure  5C ). In addition, SB203580 reduced DMAS-induced apoptosis in A549 cells ( Figure 5D ), and the pan-caspase inhibitor Z-VAD-FMK had no effect on the DMAS-induced activation of p38 ( Figure 5E ). These results confirmed that DMAS-induced apoptosis in A549 cells is mediated through the sustained activation of the p38 signaling pathway.
Discussion
Shikonin and its derivatives are the active components of Lithospermum erythrorhizon root extract, a traditional Chinese medicine [18] . These compounds might be promising anticancer agents, as multiple antitumor effects in vivo and in vitro have been reported [19] . Among the shikonin derivatives, DMAS exhibits strong antitumor effects [2] . In the present study, we investigated the effects of DMAS on human lung adenocarcinoma A549 cells. The results demonstrated that DMAS exhibited significant cytotoxic effects against A549 cells, in a doseand time-dependent manner, and DMAS-induced apoptotic cell death in A549 cells was evidenced through an increase in early apoptotic cells (Annexin V + /PI -). The balance between pro-and anti-apoptotic members of the Bcl-2 family is crucial for the induction of apoptosis [20] . Mitochondria play an essential role in the signal transduction of apoptosis [21] . Mitochondrial dysfunction is central to the apoptotic pathway [22] . Apoptotic stimuli often disturb mitochondrial function through a decrease in mitochondrial membrane potential. The translocation of apoptotic proteins from the cytosol to mitochondria results in the release of cytochrome c and second mitochondria-derived activator of caspases (SMAC) through the loss of mitochondrial membrane potential [23] . Consequently, multiple caspases are activated, leading to subsequent cell death via apoptosis. Among caspase family npg proteins, caspase-3 is predominantly responsible for apoptosis execution [24] . Caspase-3 can be cleaved and activated through extrinsic or death receptor-mediated and intrinsic or mitochondria-dependent pathways [25, 26] . In the present study, we showed that DMAS decreased the expression of cIAP-2 and XIAP, increased the expression of Bax and Bak, and induced the loss of mitochondrial membrane potential and subsequent release of cytochrome c in A549 cells, consistent with the activation of mitochondria-dependent apoptosis. The DMASmediated activation and cleavage of caspase-9, caspase-3, and PARP and the reduction in DMAS-induced apoptosis in A549 cells through the pan-caspase inhibitor Z-VAD-FMK suggested that the mitochondrial-mediated caspase cascade pathway plays a critical role in DMAS-induced apoptosis. Taken together, these results suggested that DMAS regulates the expression of apoptosis-related proteins, induces the release of cytochrome c, and triggers caspase-dependent cell apoptosis.
MAPK has also been implicated in the regulation of diverse cellular processes, including embryogenesis, proliferation, differentiation and apoptosis [27] . The MAPK family comprises three protein kinases: ERK1/2, JNK, p38, and ERK5 [28] . Emerging evidence suggests that the activation of p38 contributes to apoptosis. Chun et al showed that platycodin D induced growth inhibition and apoptosis in AGS human gastric cancer cells through the sustained activation of p38 [29] . Wang et al demonstrated that curcumin induced apoptosis through the p38-dependent up-regulation of FasL in Huh7 cells [30] . Recently, Hsieh et al reported that arctigenin induced the apoptosis of breast cancer MDA-MB-231 cells through the ROS/p38 pathway [31] . Consistently, we observed that the sustained activation of p38 was involved in DMAS-induced growth inhibition and apoptosis in A549 cells. SB203580, a specific inhibitor of p38, effectively blocked DMAS-induced p38 activation and attenuated DMAS-induced apoptosis.
These results suggested that the pro-apoptotic effect of DMAS in A549 cells is mediated through the activation of the p38 signaling pathway.
In conclusion, we presented experimental evidence that strongly supports the antitumor effects of DMAS on lung adenocarcinoma cells. Thus, we propose that DMAS could be further developed as a potential anticancer agent for the activation of p38 signaling pathway through the inhibition of lung adenocarcinoma cell growth and induction of apoptosis, suggesting a new therapeutic strategy for the treatment of lung adenocarcinoma. However, further studies are warranted to fully uncover the molecular mechanism underlying the role of DMAS in lung adenocarcinoma models in vitro and in vivo. Figure 5 . DMAS-induced A549 cell apoptosis is mediated through p38 activation. (A) A549 cells were pretreated with or without SB203580 (10 μmol/L), followed by treatment with DMSO (vehicle) or DMAS (15 μmol/L) for 24 h. Protein extracts were prepared and subjected to Western blot analysis to measure the levels of phosphorylated p38. Total p38 protein levels were also measured as controls. (B) A549 cells were pretreated or not with SB203580 (10 μmol/L), followed by treatment with DMSO (vehicle) or DMAS (15 μmol/L) for 24 h. Protein extracts were prepared and subjected to Western blot analysis using antibodies against cleaved caspase-3 and cleaved PARP. Actin protein levels were also measured as controls. (C) A549 cells were pretreated or not with SP600125 (25 μmol/L), followed by treatment with DMSO (vehicle) or DMAS (15 μmol/L) for 24 h. Protein extracts were prepared and subjected to Western blot analysis using antibodies against cleaved caspase-3 and cleaved PARP. Actin protein levels were also measured as controls. (D) A549 cells were treated with DMAS in the presence or absence of SB203580 (10 μmol/L) for 24 h. The apoptotic status was determined using an Annexin V-FITC binding assay. (E) A549 cells were pretreated with or without Z-VAD-FMK (10 μmol/L), followed by treatment with DMAS (15 μmol/L) for 24 h. Protein extracts were prepared and subjected to Western blot analysis to measure the levels of phosphorylated p38. Total p38 protein levels were also measure as controls.
